Abstract -Because wind generators (WGs) in a wind power plant (WPP) produce different active powers due to wake effects, the reactive power capability of each WG is different. This paper proposes a hierarchical voltage control scheme for a WPP that uses a WPP controller and WG controller. In the proposed scheme, the WPP controller determines a voltage error signal by using a PI controller and sends it to a doubly-fed induction generator (DFIG). Based on the reactive current-voltage (I Q -V) characteristic of a DFIG, the DFIG injects an appropriate reactive power corresponding to the voltage error signal. To enhance the voltage recovery capability, the gains of the I Q -V characteristic of a DFIG are modified depending on its reactive current capability so that a DFIG with greater reactive current capability may inject more reactive power. The proposed scheme enables the WPP to recover the voltage at the point of common coupling (PCC) to the nominal value within a short time after a disturbance by using the adaptive I Q -V characteristics of a DFIG. The performance of the proposed scheme was investigated for a 100 MW WPP consisting of 20 units of 5 MW DFIGs for small and larger disturbances. The results show the proposed scheme successfully recovers the PCC voltage within a short time after a disturbance.
Introduction
The voltages at all buses in a power grid should be maintained within a specified operational range to ensure stable operation. The voltage at a node, which is called as a local variable, should be controlled by a generator or the reactive power compensating unit closest to the applicable node. In the case of a grid with high wind penetration, WGs and WPPs should be capable of supporting the voltage at the PCC when a disturbance occurs. To achieve this function, a WPP should not only ride through the fault, but also supply the reactive power during the fault and after the fault clearance [1] [2] [3] . Therefore, a hierarchical voltage control that combines WPP and WG controllers is essential to manage the collective response of the WGs in a WPP.
Various research reports have dealt with hierarchical control schemes of DFIG-based WPPs for voltage stability [407] . Required reactive power is dispatched to DFIGs by considering the reactive power capability of each DFIG [4, 5] . To ensure that the injected reactive power at a PCC matches the reactive power setpoint given by a WPP controller, the setpoint is distributed to the DFIGs in a WPP and the DFIGs are operated in a reactive power control mode. The required reactive power at a certain node is met by the reactive power setpoint distributed to each DFIG. However, the voltage recovery is slow because the DFIG controller needs a command signal from the WPP controller to react to a sudden voltage change.
A centralized voltage control for a WPP has been proposed in which the required reactive current is allocated to a DFIG by using a weighting factor that is inversely proportional to the active power output of each DFIG [6] . In this scheme, each DFIG injects a different reactive power depending on the operating condition. However, this scheme is unable to react immediately after a disturbance due to the reactive current control mode of the DFIG.
A hierarchical reactive power control scheme for WPPs has been suggested for fast voltage support [7] . In this scheme, a DFIG operates in a voltage control mode by using the fixed I Q -V relationship to react quickly against voltage changes. A WPP controller determines the required reactive power based on the reactive power to voltage (Q-V) requirement specified in the UK Grid Code. This is then converted into the voltage setpoint to be sent to a DFIG. This scheme showed good performance in terms of fast voltage support when a large voltage dip occurs. However, for small disturbances, steady-state errors are inevitable due to the small gain in the Q-V characteristic of the WPP controller.
This paper proposes a hierarchical voltage control scheme for a DFIG-based WPP that uses the adaptive I Q -V characteristic of a DFIG. In the proposed scheme, a WPP controller generates a voltage error signal by using a PI controller and sends it to a DFIG. The DFIG responds to the voltage error signal by injecting reactive power based on its I Q -V characteristic. To enhance the voltage recovery capability, the gains of the I Q -V characteristic of a DFIG are modified depending on its reactive current capability so that a DFIG with greater reactive current capability may inject more reactive power. The performance of the proposed scheme was investigated for a 100 MW WPP consisting of 20 units of 5 MW DFIGs for various disturbances by using an EMTP-RV simulator. 
where k g is a function of parameters such as the gear-ratio, blade length, and blade profile, and ω r is the rotor speed. In addition, a voltage control function is implemented in the RSC controller to keep the stator terminal voltage at a nominal value.
On the other hand, the grid-side converter (GSC) illustrated schematically in Fig. 3 can control the dc-link voltage to be constant and inject the reactive power from the GSC to support the grid voltage. In the proposed design, the GSC maintains only the dc-link voltage as a constant without any reactive power injection. 
Conventional control schemes [6, 7]
where P avg is the average active power for all WGs and 
P
WGi is the active power output of WG i . The reactive power allocation is inversely proportional to the active power output of a WG, because a WG supplying less active power can supply more reactive power. This control scheme allows a WPP to supply much reactive power from a DFIG. However, the scheme is unable to react to a voltage dip immediately after a disturbance due to the reactive current control mode used for the DFIG controllers. Fig. 5 shows a conventional reactive power control scheme for a WPP [7] . The WPP controller generates the reference voltage signal, ∆u WGi ref , which is determined from the required Q-V characteristic for a WPP specified in the British Grid Code [8] (see Fig. 6 ) by using a PI controller. The Q-V characteristic gain, k Q , is set to:
where Q max and Q min are the maximum and minimum reactive power of a WPP and are set to 33% of the rated power of the WPP. In the Fig. 5 (a) scheme, k Q is set to 6.6. Then, the reactive power setpoint, Q ref , is compared to the reactive power measured at the PCC. From the reactive power error, ∆u The DFIGs in the WPP operating in a voltage control mode generate the reactive current reference, I dr_ref , by using the I Q -V characteristic (see Fig. 5(c) This control scheme shows good performance in terms of fast voltage support when a large voltage dip occurs. However, for a small disturbance, steady-state errors are inevitable due to the small gain of the Q-V characteristic of the WPP controller. Fig. 7 shows the WPP and WG controllers of the proposed hierarchical voltage control scheme. The active power output of a WG in a WPP depends on the wind speed arriving at that WG. Thus, WGs generate different active powers and the reactive power capabilities differ among WGs [10, 11] . To enhance the voltage support capability of a WPP after a disturbance, the proposed control scheme lets the WG generating less active power output supply more reactive power.
Proposed voltage control scheme
To maintain the PCC voltage as a voltage setpoint, the WPP controller operating in the voltage control mode generates ∆u WGi ref by using a PI controller, and then sends it to WG i , which is operating in the voltage control mode as in [7] . The WG controller of the proposed scheme has the same I Q -V characteristic as that of [7] , but modifies the I Q -V gain k i depending on the reactive current capability, as shown in Fig. 8 . This enables the DFIGs with high reactive current capabilities to inject more reactive power.
Based on the reactive current capability of a DFIG, k i is calculated by:
where I WGi Q_max and I
WGi
Q_min are the maximum and minimum reactive currents of a WG i . In addition, ∆u, which is the bandwidth of the I Q -V characteristic, is set to 0.2 pu. (5) are obtained from the reactive current capability curve of a DFIG (see Fig. 8 ) at an active power output. Fig. 9 shows examples of the I Q -V characteristics of DFIGs. The black, red, and blue lines represent the I Q -V characteristics of WG 1 , WG 2 , and WG 3 , respectively. The active currents of WG 1 , WG 2 , and WG 3 are assumed to be 0.80, 0.60, and 0.50 pu, respectively. The ranges of the reactive current of WG 1 , WG 2 , and WG 3 are (-0.60 pu, 0.60 pu), (-0.80 pu, 0.80 pu), and (-0.87 pu, 0.87 pu), respectively. Thus, k 1 , k 2 , and k 3 are set to 6.00, 8.00, and 8.70, respectively.
The proposed adaptive gain scheme allows WGs to inject the maximum reactive power of a WG for a voltage deviation larger than 0.1 pu, and to inject reactive power proportional to the maximum value in the linear region.
Wake speed calculation
WGs in a WPP generate electricity by extracting the kinetic energy of the wind. Thus, upstream WGs reduce the wind speed arriving at WGs further downstream. This shadowing effect is called the wake effect. To calculate the wind speed at each WG, the method suggested in [12] is used to consider the cumulative impact of multiple shadowing and the effect of the wind direction. The resulting wind speed of a WG j , v j , can be obtained by:
where v j0 is the incoming wind speed at WG j without any shadowing, x ij is the radial distance between WG i and WG j , v wk (x ij ) is the speed of the wind approaching WG j from the shadowing WG i , β i is the ratio of the area of WG j under the shadow of WG i to its total area, and n is the total number of WGs.
Case studies
To investigate the performance of the proposed scheme, the model system illustrated schematically in Fig. 10 DFIGs was set to 1 km. The short circuit capacity of the grid and the short circuit ratio of the WPP were set to 600 MVA and 5, respectively. The proposed scheme was tested and compared with the conventional schemes [6] and [7] for two cases of wind speed and direction. The WPP controller sends a reference signal to the WG controller every 0.1 s. Table 1 shows the wind speeds for the two cases.
Case 1: 60 MVAr reactive load connection at 7 s
with the free wind speed of 10 m/s at 90° Fig. 11 shows the results for case 1. At 7 s, the inductive load of 60 MVAr is connected to a grid. The reactive power support of a WPP depends both on the command signal from the WPP controller and the control mode of the WG controller. However, because the command signal may not be delivered to the WG controller immediately after a load connection, the control mode of the WG controller is crucial. The proposed scheme and the conventional scheme in [7] supplied larger reactive powers than the conventional scheme in [6] (see Fig. 11(b) ) because the WG controllers operated in the voltage control mode. In case 1, the proposed scheme modified k i depending on the available reactive power. The gains of WG 1 , WG 5 , WG 9 , WG 13 , and WG 17 on the first column were set to 9.71, 9.57, 9.34, 8.98, and 8.63, respectively. Thus, WG 1 , which has the largest reactive current capability among the five DFIGs, injected the most reactive power into the grid (see Fig. 11(c) ).
However, as mentioned in Subsection 2.2, after 7.21 s the conventional scheme in [6] supplies less reactive power than the other two schemes because the WPP controller of the conventional scheme in [7] generates a command signal with a small value, resulting from a small PCC voltage deviation. The results indicate that for a WPP controller, the voltage control mode shows a better performance than the reactive power control mode for the small voltage deviation. 12 shows the results for case 2. At 7 s, a 0.6 pu grid fault occurs and lasts for 200 ms. From 7.0 s to 7.1 s, the proposed scheme and the conventional scheme in [7] injected greater reactive power than the conventional scheme in [6] as shown in Fig. 12(b) . In addition, in case 2, the gains of WG 1 , WG 2 , WG 3 , and WG 4 on the top row were set to 7.09, 7.32, 8.03, and 8.51, respectively. They injected different reactive powers based on the different gains. WG 4 , which has the greatest reactive power capability among the four DFIGs, injected the most Fig. 12(c) ). Note that WG 1 injected the least reactive power in case 2 whereas it injected the greatest reactive power in case 1. This is because the DFIGs in the proposed scheme modify their gains depending on the operating conditions. On the other hand, after the fault clearance, the reactive power for the conventional scheme in [6] fluctuated more severely than that in the other schemes because it uses weighting factors, which fluctuate due to the active power fluctuation caused by the voltage deviation.
Immediately after the fault, the PCC voltage increased from 0.6 pu to 0.8 pu for the proposed scheme and the conventional scheme in [7] because the they use the voltage control mode as a WG controller. After the fault clearance, the PCC voltage starts to increase and the WG controllers in the proposed scheme and the conventional scheme in [7] respond to the sudden voltage increase by reducing i dr_ref (see Figs. 5(b) and 7(b)). On the other hand, as the conventional scheme in [6] must wait for the command signal from the WPP controller, the voltage is reduced more than in the other two schemes. Furthermore, the PCC voltage for the proposed scheme and the conventional scheme in [7] recovered to a nominal value within a short time, whereas in the conventional scheme in [6] it took more time to recover due to the weighting factors, which are inversely proportional to the active power output.
Conclusion
This paper proposes a hierarchical voltage control scheme for a DFIG-based WPP that uses the adaptive I Q -V characteristics of DFIGs. In the proposed scheme, both WPP and WG controllers operate in the voltage control mode. The WPP controller determines the voltage error signal by using a PI controller and sends it to each DFIG. From the voltage error signal, the DFIGs supply the reactive power based on the adaptive I Q -V characteristic gains, which depend on the available reactive current capabilities of the DFIG.
The test results demonstrate that the I Q -V gains of DFIGs in the proposed scheme are modified depending on the operating conditions and thus the WPP successfully recovers the PCC voltage to its nominal value within a short time for the large and small disturbances.
